T-helper type 2 (Th2) cytokines have been implicated in the pathogenesis of the pulmonary inflammatory response and altered bronchial responsiveness in allergic asthma. To elucidate the mechanism of Th2-dependent mediation of altered airway responsiveness in the atopic asthmatic state, the expression and actions of specific cytokines were examined in isolated rabbit and human airway smooth muscle (ASM) tissues and cultured cells passively sensitized with sera from atopic asthmatic patients or nonatopic/nonasthmatic (control) subjects. Relative to control tissues, the atopic asthmatic sensitized ASM exhibited significantly enhanced maximal isometric contractility to acetylcholine and attenuated relaxation responses to isoproterenol. These proasthmatic changes in agonist responsiveness were ablated by pretreating the atopic sensitized tissues with either an IL-5 receptor blocking antibody (IL-5ra) or the human recombinant IL-1 receptor antagonist (IL-1ra), whereas an IL-4 neutralizing antibody had no effect. Moreover, relative to controls, atopic asthmatic sensitized ASM cells demonstrated an initial, early (after 3 hours of incubation) increased mRNA expression and protein release of IL-5. This was followed (after 6 hours of incubation) by an enhanced mRNA expression and release of IL-1β protein, an effect that was inhibited in sensitized cells pretreated with IL-5ra. Extended studies demonstrated that naive ASM exposed to exogenously administered IL-5 exhibited an induced upregulated mRNA expression and protein release of IL-1β associated with proasthmatic-like changes in ASM constrictor and relaxant responsiveness, and that these effects were ablated in tissues pretreated with IL-1ra. Taken together, these observations provide new evidence that (a) the Th2 cytokine IL-5 and the pleiotropic proinflammatory cytokine IL-1β are endogenously released by atopic asthmatic sensitized ASM and mechanistically interact to mediate the proasthmatic perturbations in ASM responsiveness; and (b) the nature of this interaction is given by an initial endogenous release of IL-5, which then acts to induce the autologous release of IL-1β by the sensitized ASM itself, resulting in its autocrine manifestation of the proasthmatic phenotype.
the airway smooth muscle (ASM) itself can be induced to autologously express certain cytokines in the atopic asthmatic sensitized state, including IL-1β (17) and specific Th1 and Th2 cytokines (18) , the present study examined the potential role and mechanisms of action of certain Th2 cytokines in regulating ASM responsiveness in the atopic asthmatic sensitized state. The results provide new evidence demonstrating that (a) the Th2 cytokine IL-5 and the pleiotropic proinflammatory cytokine IL-1β are endogenously released by atopic asthmatic sensitized ASM, and these cytokines mechanistically interact in mediating the altered constrictor and relaxant responsiveness in the sensitized ASM; and (b) the latter interaction is characterized by the initial release of IL-5, which then acts to upregulate the mRNA expression and endogenous release of IL-1β protein by the sensitized ASM itself, resulting in an autocrine manifestation of the proasthmatic phenotype of altered ASM responsiveness.
Methods
Animals. Twenty-six adult New Zealand white rabbits were used in this study, which was approved by the Biosafety and Animal Research Committee of the Joseph Stokes Research Institute at The Children's Hospital of Philadelphia. The animals had no signs of respiratory disease for several weeks before the study.
Preparation and sensitization of rabbit and human ASM tissue. Following general anesthesia with xylazine (10 mg/kg) and ketamine (50 mg/kg), rabbits were sacrificed with an overdose of pentobarbital (130 mg/kg). As described previously (18) , the tracheae were removed using open thoracotomy; the loose connective tissue and epithelium were scraped and removed; and the tracheae were divided into 8 ring segments 6-8 mm long. Each alternate ring was incubated for 24 hours at room temperature in either (a) human serum containing more than 1,000 IU/mL IgE, obtained from allergic patients with moderate to severe asthma who are 4-5/6+ radioallergosorbent test-positive (RAST-positive; specific IgE concentration of >17.5 Phadebas RAST units [PRU]/mL) to Dermatophagoides pteronyssimus, Dermatophagoides farinae, and ragweed, and who have a positive skin test to these antigens; or (b) human serum from nonatopic nonasthmatic (control) individuals with normal serum IgE levels (<70 IU/mL) and negative skin test reactivity to D. pteronyssimus, D. farinae, and ragweed (17, 18) . In parallel experiments, ASM segments were incubated in either control serum or atopic asthmatic serum in the absence and presence of maximum effective concentrations of either an anti-IL-5 receptor neutralizing antibody (IL-5ra), an IL-4 neutralizing antibody, or the human recombinant IL-1 receptor antagonist (IL-1ra). In addition, in separate experiments, ASM tissues were incubated in serum-free medium (SFM) with maximum effective concentrations of IL-5 (5 ng/mL) in the absence and presence of IL-1ra (140 ng/mL). All the tissues studied were aerated with a continuous supplemental O 2 mixture (95% O 2 /5% CO 2 ) during the incubation phase.
In separate experiments, ASM tissue was isolated from 4 nonatopic nonasthmatic subjects who underwent lung resection for removal of a peripheral lung carcinoma. Tumor-free ASM tissue was carefully cleaned of its epithelium and loose connective tissue under a microscope, divided into several strips, and each alternate ASM strip was then incubated in SFM alone or in SFM in the presence of a maximum effective concentration of IL-5 (5 ng/mL) for varying time points. The tissues' mRNA and protein were subsequently isolated for analysis of cytokine expression (see below).
Preparation of cultured human ASM cells. Cultured human ASM cells were obtained from Clonetics Corp. (San Diego, California, USA). The ASM cells were derived from 2 male donors, 16 and 21 years of age, who had no evidence of lung disease. The cells were carefully characterized by the manufacturer with specific markers to confirm their selective smooth muscle phenotype and to exclude any contamination with
Figure 1
Comparison of contractile dose-response relationships to ACh in paired human control serum-treated (open circles) and human atopic asthmatic serum-treated rabbit ASM segments in the absence (closed circles) and presence (open squares) of maximum effective concentrations of IL-5ra (a) and IL-1ra (b). Relative to controls, the heightened constrictor responses to ACh in the atopic asthmatic serum-sensitized tissues were prevented by cotreatment of tissues with either IL-5ra or IL-1ra. Data represent mean ± SE values from 6 paired experiments.
other cell types. The cells were grown in smooth muscle basal medium (SmBM) supplemented with 5% FBS, insulin (5 ng/mL), EGF (10 ng/mL; human recombinant), FGF (2 ng/mL; human recombinant), gentamycin (50 ng/mL), and amphotericin-B (50 ng/mL). The experimental protocol involved growing the cells to confluence in the above medium. Thereafter, the cells were starved in unsupplemented SmBM for 24 hours, at which time the cells were treated for 0, 3, 6, and 24 hours with either human control serum, human atopic asthmatic serum, SFM alone, or SFM in the presence of a maximum effective concentration of IL-5. The cells were then examined for mRNA and protein expression of IL-5 and IL-1β, as described below.
Pharmacodynamic studies. Following incubation of the rabbit ASM tissue preparations in control and atopic asthmatic serum, each airway segment was suspended longitudinally between stainless steel triangular supports in siliconized Harvard 20-mL organ baths. The lower support was secured to the base of the organ bath, and the upper support was attached with a gold chain to a Grass FT.03C force transducer from which isometric tension was continuously displayed on a multichannel recorder. Care was taken to place the membranous portion of the trachea between the supports in order to maximize the recorded tension generated by the contracting trachealis muscle. The tissues were bathed in modified Krebs-Ringer solution containing (in mM) 125 NaCl, .40 was maintained, and the organ bath temperature was held at 37°C. Passive resting tension of each ASM segment was set at 1.5-2.0 g after the tissue had been passively stretched to a tension of 8 g in order to optimize its resting length for contraction (Lo), as described previously by our laboratory (19) . The tissues were allowed to equilibrate in the organ baths for 45 minutes, at which time each tissue was primed with a 1-minute exposure to 10 -4 M acetylcholine (ACh). Cholinergic contractility was subsequently assessed in the ASM segments by cumulative administration of ACh in final bath concentrations ranging from 10 -10 to 10 -3 M. Thereafter, in separate studies, relaxation dose-response curves to isoproterenol (10 -10 -10 -4 M) were conducted in tissues half-maximally contracted with ACh. The relaxant responses to isoproterenol were analyzed in terms of percent maximal relaxation (R max ) from the initial level of active cholinergic contraction, and sensitivity to the relaxing agent was determined as the negative logarithm of the dose of the relaxing agent producing 50% of R max (pD 50 ; i.e., geometric mean ED 50 ).
Determination of IL-5 and IL-1β mRNA expression. Total RNA was isolated from the above tissue and cell preparations using the modified guanidinium thiocyanate phenol-chloroform extraction method to include proteinase K (in 5% SDS) for digestion of protein in the initial RNA pellet, as previously described by our laboratory (17, 20) . The concentration of each RNA sample was determined spectrophotometrically. This procedure consistently produced yields of 15-25 µg of intact RNA from each T-75 flask of HBSM cells and from each tissue specimen under study. To analyze for mRNA expression of IL-5 and IL-1β, we used an RT-PCR protocol that included human-specific primers for these molecules, as well as for the constitutively expressed ribosomal protein (RP)L7. cDNA was synthesized from total RNA isolated from human ASM cells passively sensitized with human control or atopic asthmatic serum in the absence and presence of IL-5ra or IL-1ra, or in SFM with maximum effective concen-
Figure 2
Comparison of relaxation dose-response relationships to isoproterenol in paired human control serum-treated (open circles) and human atopic asthmatic serum-treated rabbit ASM segments halfmaximally contracted with their respective ED 50 doses of ACh in the absence (filled circles) and presence (open squares) of maximum effective concentrations of IL-5ra (a) and IL-1ra (b). Relative to controls, the attenuated relaxation responses to isoproterenol in the atopic asthmatic serum-sensitized tissues were prevented by cotreatment of tissues with either IL-5ra (a) or IL-1ra (b). Data represent mean ± SE values from 6 paired experiments.
trations of IL-5. cDNA from activated PBMCs served as positive controls for the IL-5 and IL-1β expression analyses. The cDNA was primed with oligo-dT 12-18 and extended with Superscript II reverse transcriptase (GIBCO BRL, Gaithersburg, Maryland, USA). The PCR was used to amplify the specific products from each cDNA reaction, based on the published sequences of the human IL-5, IL-1β, and RPL7 genes (21) (22) (23) , and included the following primer sets. For IL-5: 5′-primer 5′-GTATGCCATCCCCACAGAAA-3′, 3′-primer 5′-TACAGACATTCACAGCCACC-3′ (product is 433 bp); for IL-1β: 5′-primer 5′-AGATGAAGT-GCTCCTTCCAG-3′, 3′-primer 5′-CAACACGCAGG-ACAGGTACAG-3′ (product is 471 bp); RPL7: 5′-primer 5′-AAGAGGCTCTCATTTTCCTGGCTG-3′, 3′-primer 5′-TCCGTTCCTCCCCATAATGTTCC-3′ (product is 157 bp).
The cycling profile used was as follows: denaturation at 95°C for 1 minute; annealing at 52-55°C for 1.0 minute; and extension at 72°C for 1.0 minute with 34 cycles for the IL-5 and IL-1β genes and 26 cycles for the RPL7 gene. The number of cycles were determined to be in the linear range of the PCR products. The PCR reactions for the human IL-5, IL-1β, and RPL7 primers were performed using equivalent amounts of cDNA prepared from 2.5 µg of total RNA. Equal aliquots of each PCR reaction were then run on a 1.2% agarose gel and subsequently transferred to a Zeta-probe membrane, where it remained overnight in 0.4 N NaOH. Following capillary transfer, the DNA was immobilized by ultraviolet cross-linking using a Stratalinker UV Crosslinker 2400 at 120,000 µJ/cm 2 (Stratagene, La Jolla, California, USA). Prehybridization in a hybridization oven was conducted for 2-3 hours at 42°C in 50% formaldehyde, 7% (wt/vol) SDS, 0.25 M NaCl, 0.12 M Na 2 HPO 4 (pH 7.2), and 1 mM EDTA. Hybridization was for 20 hours at 42°C in the same solution. The IL-5, IL-1β, and RPL7 DNA levels were assayed by Southern blot analysis using 32 P-labeled probes, prepared by pooling several RT-PCR reactions for the individual IL-5, IL-1β, and RPL7 PCR fragments and purifying them from a 1.2% agarose gel using the QIAEX II agarose gel extraction kit (QIAGEN Inc., Valencia, California, USA). The individual PCR products were subsequently sequenced for confirmation. Washes were as follows: 1 × 15 minutes in 2× SSC, 0.1% SDS and 1 × 15 minutes in 0.1× SSC, 0.1% SDS (both at room temperature); and 2 × 15 minutes at 50°C in 0.1 × SSC, 0.1% SDS. Southern blots were quantitated by direct measurements of radioactivity in each band using a PhosphorImager (Molecular Dynamics, Sunnyvale, California, USA).
ELISA measurements of IL-5 and IL-1β proteins. IL-5 and IL-1β protein levels were measured initially in the control and atopic asthmatic sera. Thereafter, the protein levels were assayed in the culture media of ASM cells that were exposed for 0, 3, 6, and 24 hours to either the control serum or atopic asthmatic serum. IL-1β protein levels were also assayed in the culture media from human ASM cells at the same time points following treatment with SFM alone or with SFM containing a maximum effective concentration of IL-5. The IL-5 and IL-1β protein levels were quantitatively assessed using an enzyme-specific immunoassay, as described previously by our laboratory (17) . The latter assay was performed using a double-antibody sandwich strategy in which an acetylcholine-esterase (AChE), Fab-conjugated IL-5-or IL-1β-specific secondary antibody is targeted to a first cytokine-captured antibody. The enzymatic activity of the AChE was measured spectrophotometrically, and, relative to a linear standard curve (range: 0-250 pg/mL), the results were used to quantify the amount of the targeted IL-5 and IL-1β present in the cell culture media.
Determination of IL-1β protein expression by Western blot analysis. Expression of IL-1β protein was assayed by Western blot analysis of membrane protein lysate samples isolated from cultured human ASM cells and ASM tissues following 24-hour treatment with either SFM alone or SFM containing IL-5 (5 ng/mL). The protein lysate samples were homogenized and prepared in 40 volumes of 50 mM Tris-HC1, 150 mM NaCl, 1 mM EDTA (pH 7.4) containing 1 mM phenylmethylsulfonyl fluoride, 5 µg/mL aprotinin, and 5 µg/mL leupeptin. Nuclei and large particulates were
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Figure 3
Comparison of expression of IL-5 (a) and IL-1β (b) mRNAs using RT-PCR and Southern blot analysis in human ASM cells after 0-, 3-, 6-, and 24-hour exposure to human control serum and human atopic asthmatic serum. Expression of RPL7 mRNA was used to control for gel loading. The blots were probed with human specific IL-5, IL-1β, and RPL7 32 P-labeled cDNA probes (see Methods). Whereas mRNA expression of IL-5 or IL-1β was unaltered in cells that were exposed to control serum, the mRNA signals for IL-5 and IL-1β were upregulated in cells that were exposed to atopic asthmatic serum. The temporal patterns of enhanced mRNA expression of these cytokines were characterized by an initial (at 3 hours) increased expression of IL-5 mRNA, followed (at 6 hours) by an increased mRNA expression of IL-1β. In contrast, mRNA expression of the constitutively expressed RPL7 gene was unaltered.
removed by centrifugation at 100 g for 5 minutes. The supernatant was then salvaged, and the protein concentration was measured using the Lowry assay. Equivalent amounts (30-50 µg) of membrane protein were fractionated in 9-11% SDS-polyacrylamide gels, followed by transfer to nitrocellulose membranes. The membranes were then blotted overnight at room temperature in 25 mM Tris-HCl (pH 7.5), 150 mM NaCl, and 0.05% Tergitol NP-40 containing 5% nonfat milk, as described previously by our laboratory (18) . The primary mouse anti-human IL-1β antibody used was diluted 1:250 and incubated for 1-2 hours at room temperature. The primary and secondary antibody incubations and washes were done in 25 mM Tris-HCl (pH 7.5), 150 mM NaCl, and 0.05% NP-40 containing 0.50 % nonfat milk. The IL-1β protein levels were detected using enhanced chemiluminescence after a 1-hour incubation with a 1:1,000 dilution of an antimouse horseradish peroxidase-linked secondary antibody and subsequent exposure to autoradiography film. The protein levels expressed were then quantitated using laser densitometry (Bio-Rad Laboratories Inc., Hercules, California, USA). Statistical analysis. Statistical analysis was performed by means of the 2-tailed paired Student's t test. P values less than 0.05 were considered to be significant.
Reagents. The human airway tissue was provided by the Cooperative Human Tissue Network, which is funded by the National Cancer Institute. The human ASM cells and SmBM medium were obtained from Clonetics Corp. The IL-5, IL-1β, and RPL7 primers were obtained from Integrated DNA Technologies Inc. (Coralville, Iowa, USA). The IL-1 receptor antagonist, anti-human IL-5 receptor and IL-4 neutralizing antibodies, IL-5 and IL-1β ELISA kits, mouse anti-human IL-1β primary antibody, and anti-mouse secondary antibody used in protein assay studies were purchased from R&D Systems Inc. (Minneapolis, Minnesota, USA). ACh and isoproterenol were purchased from Sigma Chemical Co. (St. Louis, Missouri). All drug concentrations are expressed as final bath concentrations. Isoproterenol and ACh were made fresh for each experiment and were dissolved in normal saline to prepare stock solutions (10 -4 M for both).
Results

Roles of IL-5 and IL-1β in regulating ASM responsiveness in
the atopic asthmatic sensitized state. Agonist-induced constrictor and relaxation responses were separately examined in isolated rabbit tracheal ASM segments that were incubated for 24 hours in either human atopic asthmatic serum or serum from nonatopic/nonasthmatic (i.e., control) individuals, both in the absence and presence of either a monoclonal neutralizing antibody to IL-4 (IL-4Nab), an IL-5 receptor blocking antibody (IL-5ra), or the endogenous IL-1 receptor antagonist (IL-1ra) (see Methods). As shown in Figure 1a , relative to control serum-treated tissues (open circles), the maximal constrictor responses (T max ) and sensitivities (pD 50 ; i.e., -log ED 50 values) to exogenously administered ACh were significantly enhanced in ASM passively sensitized with atopic asthmatic serum (filled circles). Accordingly, the mean ± SE T max values amounted to 112.1 ± 5.2 and 124.5 ± 9.1 g/g tracheal smooth muscle (TSM) in the control and atopic sensitized tissues, respectively (P < 0.01); and the corresponding mean pD 50 values amounted to 4.83 ± 0.04 and 5.39 ± 0.06 -log M, respectively (P < 0.01). These induced augmented constrictor responses to ACh in atopic sensitized ASM were unaffected by pretreatment of the sensitized tissues with IL-4Nab (data not shown), and in these tissues the mean ± SE T max and ED 50 values remained elevated at 127.3 ± 7.1 g/g TSM and 5.42 ± 0.06 -log M, respectively. In contrast, the heightened constrictor responses to ACh were largely prevented in atopic asthmatic sensitized tissues that were pretreated with a maximally effective concentration (i.e., 50 ng/mL) of IL-5ra ( Figure 1a ; open squares), wherein the mean ± SE T max and pD 50 values amounted to 110.1 ± 11.9 g/g TSM and 4.93 ± 0.05 -log M, respectively. The latter determinations were not significantly different from those obtained in the control serum-treated ASM tissues. Similarly, in comparable experiments, consistent with our earlier observations (17), we found that pretreatment of atopic asthmatic sensitized ASM with IL-1ra (140 ng/mL) also ablated the tissues' heightened constrictor responsiveness to
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Figure 4
Comparisons of the release of IL-5 and IL-1β proteins into the culture media of human ASM cells after 0-, 3-, 6-, and 24-hour exposure to human control serum (open symbols) and human atopic asthmatic serum (filled symbols). In contrast to control serum that had no appreciable effect, ASM cells exposed to human atopic asthmatic serum showed significantly increased levels of both IL-5 (filled circles) and IL-1β (filled squares) protein release into the cell culture media. Moreover, the temporal pattern for IL-5 release appeared relatively earlier (at 3 hours) than that for IL-1β release. Data represent mean ± SE values.
ACh (Figure 1b) . Accordingly, the T max values in the atopic sensitized vs. control tissues averaged 138.1 ± 9.9 vs. 101.2 ± 6.9 g/g TSM, respectively (P < 0.01); the corresponding pD 50 values averaged 5.72 ± 0.05 and 5.19 ± 0.06 -log M, respectively (P < 0.05). In the presence of IL-1ra, the T max and pD 50 values in the sensitized ASM were similar to those obtained in the control serum-treated tissues and averaged 104.8 ± 5.7 g/g TSM and 5.17 ± 0.04 -log M, respectively. In contrast to these observations in atopic sensitized tissues, IL-4Nab, IL-5ra, and IL-1ra had no appreciable effect on ASM constrictor responsiveness to ACh in control serum-exposed tissues (data not shown).
In separate studies, during comparable levels of initial ACh-induced contractions in control and atopic asthmatic sensitized ASM segments averaging approximately 40% of T max , administration of the β-adrenergic receptor agonist, isoproterenol, elicited cumulative dose-dependent relaxation of the precontracted tissues. As shown in Figure 2a , relative to control serum-treated ASM (open circles), the maximal relaxation responses (R max values) and sensitivities (pD 50 values) to isoproterenol were significantly attenuated in the corresponding atopic asthmatic sensitized tissues (filled circles). Accordingly, the mean ± SE R max value for isoproterenol amounted to 40.1 ± 6.2% in the atopic sensitized ASM, compared with 55.5 ± 6.3% in the control serum-treated ASM (P < 0.005); the corresponding pD 50 values averaged 6.11 ± 0.06 and 6.47 ± 0.07 -log M, respectively (P < 0.05). These attenuated relaxation responses to isoproterenol were unaffected in sensitized tissues pretreated with IL-4Nab, wherein the R max and pD 50 values averaged 38.1 ± 7.0% and 6.09 ± 0.07 -log M, respectively (data not shown). In contrast, the impaired relaxation responses to isoproterenol were prevented in atopic asthmatic sensitized tissues that were pretreated with IL-5ra (Figure 2a ; open squares), wherein the mean ± SE R max and pD 50 values averaged 55.4 ± 5.2 % and 6.40 ± 0.06 -log M, respectively. Similarly, in comparable experiments, the attenuated isoproterenol-induced relaxation responses were also ablated in atopic asthmatic sensitized ASM segments that were pretreated with IL-1ra (Figure 2b ). Contrasting these observations obtained in atopic asthmatic sensitized ASM, in tissues incubated with control serum, we found that pretreatment with IL-4Nab, IL-5ra, and IL-1ra did not affect the tissues' subsequent relaxation responsiveness to isoproterenol (data not shown).
Interactive roles of IL-5 and IL-1β in atopic asthmatic sensitized ASM. Taken together, the above observations suggested that IL-5 and IL-1β may share a common or interactive mechanism in mediating the proasthmatic phenotypic changes in ASM responsiveness in the atopic sensitized state. In addressing this issue, we initially conducted a series of experiments that examined whether cultured human ASM cells express the mRNAs and proteins for the above cytokines, and further assessed whether the expressions of IL-5 and IL-1β were altered in the atopic asthmatic sensitized state. For the mRNA analyses using RT-PCR and human IL-5-and IL-1β-specific primers, cDNA was reverse-transcribed from total isolated RNA primed with oligo-dT or with random hexamers, and Southern blots were subsequently prepared and probed with the human cDNA probes specific for the human IL-5 and IL-1β genes (see Methods). In addition, a 157-bp ribosomal protein L7 (RPL7) probe was also used as a control for gel loading, and the signals for the individual PCR products were quantitated on a PhosphorImager. As depicted in Figure 3 , exposure of cultured human ASM cells to atopic asthmatic sensitizing serum induced upregulated expression of both the IL-5 and IL-1β mRNA signals (Figure 3 , a and b, respectively). Accordingly, in contrast to control serum-treated cells, wherein the intensities of the IL-5 and IL-1β mRNA signals were low or barely detectable, the mRNAs for both these cytokines were markedly induced in the atopic asthmatic sensitized cells, whereas the corresponding constitutively expressed RPL-7 signal remained essentially unaltered. In further examining Figure 3 , a and b, it can be seen that although both the IL-5 and IL-1β mRNA signals were upregulated in the atopic sensitized ASM cells, the temporal patterns of enhanced mRNA expression of these cytokines were notably different. Thus, whereas IL-5 mRNA expression was clearly increased as early as 3 hours in the atopic sensitized cells, and the signal was subsequently attenuated by 24 hours, the corresponding IL-1β mRNA signal was more distinctly increased relatively later, at 6 hours, and remained enhanced thereafter at 24 hours in the sensitized cells.
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Figure 5
Comparison of IL-1β protein elaboration into the culture media of human ASM cells after 24-hour exposure to human control serum or human atopic asthmatic serum in the absence and presence of IL5ra. Relative to control serum-treated cells, atopic asthmatic serum-treated cells showed a significantly enhanced release of IL-1β into the cell culture medium, and the increase in IL-1β protein release was largely ablated in the atopic sensitized cells that were pretreated with IL-5ra. Data represent mean ± SE values.
Given the above findings, in complementary studies using cytokine-specific RIAs (see Methods), we examined whether the above temporal changes in IL-5 and IL-1β mRNA expression are also reflected by corresponding changes in the release of these cytokine proteins into the culture media of human ASM cells exposed to control and atopic asthmatic serum. The basal concentrations of IL-5 protein in the control and atopic asthmatic sera averaged 3.01 ± 0.37 and 4.34 ± 1.84 pq/mL, respectively; the concentrations of IL-1β averaged 10.15 ± 2.72 and 12.14 ± 1.95 pg/mL, respectively. The concentrations of these cytokines were then assayed in the culture medium within approximately 30 minutes of exposure of the cells to the sera (baseline), and thereafter, following 3, 6, and 24 hours of serum incubation. The basal levels of IL-5 and IL-1β protein in the culture media averaged 1.65 ± 0.28 and 8.35 ± 3.7 pg/mL, respectively. As shown in Figure 4 , these levels did not significantly change in cells exposed to control serum (open symbols) for up to 24 hours. In contrast, the IL-5 (filled circles) and IL-β (filled squares) protein levels progressively increased in the culture media of the atopic asthmatic sensitized cells, reaching maximal levels of approximately 7-and 4-fold above their respective basal levels, and remained elevated at 24 hours. In comparing the temporal patterns of IL-5 and IL-1β protein release, it will be seen that, apart from a relatively enhanced maximal proportional increase in IL-5 relative to IL-1β, the atopic sensitized cells showed an earlier release of IL-5 protein (at 3 hours), whereas the release of IL-1β protein was largely delayed until 6 hours after exposure to the sensitizing serum. Of note, these temporal differences in IL-5 and IL-1β protein release by the sensitized ASM cells parallel the different temporal patterns of enhanced mRNA expression of these cytokines (Figure 3) .
In light of the above observations, and given the substantial evidence in earlier independent studies that implicated a role for either IL-5 (10-12) or IL-1β (17, (24) (25) (26) in the induction of altered airway responsiveness following antigen challenge in various animal models, we next examined whether the above changes in IL-5 and IL-1β expression in the atopic asthmatic sensitized state are causally and specifically related. Accordingly, in studies using cultured human ASM cells, levels of IL-1β protein accumulation in the cell culture media were assayed after 24-hour exposure of the cells to control serum or atopic asthmatic serum in the absence and presence of IL-5ra and IL-4Nab. As shown in Figure 5 , relative to control serum-treated cells, atopic asthmatic serum-sensitized cells demonstrated a significantly enhanced release of IL-1β protein into the cell culture medium. Moreover, it will be noted that the enhanced IL-1β release was largely ablated in the atopic sensitized cells that were pretreated with IL5ra (50 ng/mL). Contrasting this effect of IL-5ra, pretreatment of atopic sensitized cells with IL-4Nab had no significant effect on the augmented release of IL-1β protein (data not shown).
In a complementary series of experiments, we next investigated the effects of exogenous IL-5 administration on IL-1β mRNA and protein expression, both in human cultured ASM cells and human ASM tissue preparations. As shown in Figure 6a , in contrast to control cells maintained in SFM alone, cells treated with IL-5 (5 ng/mL) exhibited upregulated IL-1β mRNA expression at 3 and 6 hours, and this augmented induction of IL-1β mRNA was largely resolved by 24 hours. As exemplified by the Western blots depicted in Figure 6b , relative to the essentially undetectable levels of IL-1β protein in the membrane lysate samples of human ASM tissues maintained for 24 hours in SFM alone, expression of IL-1β protein was markedly induced in the tissue preparations exposed to IL-5. Finally, in concert with these observations, we also found that IL-5 administration to cultured ASM cells induced a progressive increase in their elaboration of IL-1β protein into the cell culture medium for up to 24 hours (Figure 7 ; filled bars), whereas IL-1β release was unaltered in cells exposed to SFM alone ( Figure 7 ; open bars). Thus, collectively, these results support the notion of a regulatory role for IL-5 in inducing the upregulated IL-1β mRNA and protein release in the atopic asthmatic sensitized state. In view of the aforementioned findings, together with the above pharmacodynamic evidence implicating roles for both IL-5 and IL-1β in mediating the changes in ASM responsiveness in atopic asthmatic sensitized tissues (Figures 1 and 2) , we subsequently examined whether the proasthmatic phenotypic changes in ASM responsiveness obtained in the atopic asthmatic sensitized state could be simulated by treating naive ASM with exogenously administered IL-5, and whether any observed IL-5-mediated perturbations in ASM responsiveness are specifically modulated by pretreating the tissues with IL-1ra. Accordingly, in separate paired experiments, constrictor and relaxant dose-response relationships to ACh and isoproterenol, respectively, were compared in ASM exposed for 24 hours to vehicle alone (i.e., control) or to IL-5 in the absence and presence of IL-1ra or IL-4Nab (see Methods). As shown in Figure  8 , relative to their respective controls (open circles), the T max responses to ACh were significantly enhanced in tissues treated with a maximally effective concentration of IL-5 (5 ng/mL; filled circles), wherein the mean ± SE T max responses amounted to 135.1 ± 24.1 vs. 100.1 ± 16.8 g/g ASM weight in the control ASM (P < 0.05). Similarly, the pD 50 values for ACh were significantly enhanced in tissues treated with IL-5, wherein the mean ± SE pD 50 value amounted to 5.11 ± 0.05 vs. 4.83 ± 0.06 -log M obtained in the control tissues (P < 0.05). In contrast, as further depicted in Figure 8 , in tissues pretreated with IL-1ra, the IL-5-induced changes in ASM constrictor responsiveness to ACh were largely prevented (open squares), and there were no differences between their T max and pD 50 values and those obtained in corresponding control tissues. Moreover, in contrast to its preventative action in IL-5-treated ASM, we found that administration of IL-1ra had no effect on either the T max or pD 50 values obtained in control tissues (data not shown). Finally, pretreatment of control or IL-5-exposed ASM with IL-4Nab had no appreciable effect on the tissues' constrictor responses to ACh (data not shown), a finding consistent with our recent study demonstrating that cultured ASM cells do not express IL-4 protein in either the control or atopic sensitized state (18) .
In parallel with the above observations, during similar initial sustained levels of ACh-induced contractions (i.e., ∼45% T max ), the subsequent relaxation responses to cumulative administration of isoproterenol were markedly reduced in IL-5-treated tissues compared with control tissues (Figure 9 ), wherein the mean ± SE R max responses amounted to 48.8 ± 4.4 vs. 61.9 ± 9.0%, respectively (P < 0.01). Similarly, the corresponding pD 50 values were also significantly different and averaged 6.21 ± 0.06 vs. 6.55 ± 0.07 -log M in the IL-5-treated vs. control tissues, respectively (P < 0.05). Moreover, in accordance with the above observations, whereas IL4Nab had no effect, pretreatment with IL-1ra prevented the attenuated ASM relaxant responsiveness to isoproterenol in IL-5-exposed tissues, and there were no differences between their R max values and pD 50 values and those obtained in control tissues (Figure 9 ). Finally, in contrast to its effect in IL-5-treated ASM, administration of IL-1ra to control tissues had no effect on either their R max or pD 50 responses to isoproterenol (data not shown). Taken together, these and the above observations suggest that the nature of the mechanistic interplay between IL-5 and IL-1β in eliciting the proasthmatic perturbations in ASM responsiveness in the atopic asthmatic sensitized state is given by IL-5-induced upregulated expression of IL-1β, whereby, as previously described (17, 26) , the latter cytokine appears to act in an autocrine fashion to mediate the proasthmatic changes in ASM responsiveness (see Discussion).
Discussion
In recent years, substantial evidence has been accumulated that implicates a predominant CD4 + /Th2 profile of cytokine release in the pathobiology of allergic asthma. In this regard, it has been demonstrated that, relative to nonallergic/nonasthmatic subjects, children and adults with atopic asthma show increased levels of the Th2 cytokines IL-4 and IL-5 in both their serum and bronchoalveolar lavage (BAL) fluid samples (27) (28) (29) (30) (31) (32) . Moreover, it has been reported that mononuclear cells isolated from serum or BAL fluid samples from atopic asthmatic individuals also demonstrate a relatively enhanced expression of the Th2 phenotype when the cells are stimulated with antigen (27, (30) (31) (32) (33) . Finally, more recent data based on genetic analyses of families with allergic asthma have shown a significant direct correlation between altered airway constrictor responsiveness and IL-4 and IL-5 cytokine levels in serum or BAL fluid samples (27, 33, 34) .
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The Journal of Clinical Investigation | September 1999 | Volume 104 | Number 5 The roles of the Th2 cytokines in both generating and perpetuating the pulmonary inflammatory response in allergic asthma have been reasonably well characterized. Thus, IL-4 has been found to direct immunoglobulin isotype switching to IgE synthesis, whereas IL-5 appears largely responsible for the maturation, differentiation, recruitment, and effector functions of eosinophils (5) (6) (7) (8) (9) . Additionally, IL-5 has been implicated in the development of airway constrictor hyperresponsiveness in various animal models of airway sensitization. Accordingly, recent studies have demonstrated that (a) treatment with IL-5 induces airway constrictor hyperresponsiveness (10) (11) (12) ; (b) certain strains of genetically IL-5-deficient mice fail to develop airway eosinophilia and constrictor hyperresponsiveness after allergen challenge in the sensitized state (35) ; and (c) transgenic mice that constitutively overexpress IL-5 exhibit airway inflammatory changes and constrictor hyperresponsiveness, both of which are pathognomonic of human allergic asthma (36) . Notwithstanding this evidence, the mechanism(s) by which IL-5 reportedly elicits the proasthmatic phenotype of altered airway responsiveness remains to be identified. In view of the latter, together with more recent information demonstrating that the ASM itself can be induced to autologously express certain proinflammatory cytokines (notably, IL-1β) in the atopic asthmatic sensitized state (17) , the present study examined the role and mechanism of action of IL-5 in directly regulating ASM responsiveness in the atopic asthmatic sensitized state. Collectively, the results herein provide new evidence demonstrating that (a) IL-5 and IL-1β are endogenously released and mechanistically interact in mediating the proasthmatic-like changes in constrictor and relaxant responsiveness in atopic asthmatic sensitized ASM; and (b) the nature of this interaction is characterized by the initial release of IL-5 by the sensitized ASM, which then induces upregulated expression of IL-1β, the latter resulting in an autocrine manifestation of the changes in ASM responsiveness.
To our knowledge, this study is the first to demonstrate that the autologous sequential release of the proinflammatory cytokines IL-5 and IL-1β by atopic asthmatic sensitized ASM results in its autocrine manifestation of altered ASM responsiveness. In addressing the collection of evidence supporting this central finding, certain issues pertaining to the present observations are worthy of consideration. Among these, it is relevant to note that our observed changes in constrictor and relaxant agonist responsiveness in the atopic asthmatic sensitized ASM tissues (Figures 1 and 2) closely mimicked the perturbations in airway function that characterize the in vivo asthmatic condition, including enhanced bronchoconstrictor responsiveness and impaired β-adrenoceptor-mediated airway relaxation (17, 19) . Moreover, to the extent that these effects were found to be largely ablated in atopic sensitized ASM that were pretreated with receptor antagonists to either IL-5 or IL-1β, these results suggest that both IL-5 and IL-1β are released by the sensitized ASM and that these cytokines act similarly in ultimately mediating the observed changes in ASM responsiveness. In general, both of these considerations appear to concur with the collection of related information based on other published reports. Accordingly, previous studies have demonstrated that, apart from certain leukocytes, various other non-bone marrow-derived resident tissue cells (e.g., epithelial cells, keratinocytes, etc.) can also elaborate specific cytokines, including Th2-like cytokines (13) (14) (15) (16) . In this connection, our present observations extend this earlier evidence by demonstrating that ASM cells can also be induced in the atopic sensitized state to autologously express mRNAs for IL-5 and IL-1β ( Figure 3 ) and to elaborate these cytokine proteins into the cell culture media (Figure 4) . Moreover, regarding the potential roles of IL-5 and IL-1β, previous studies that were based on the use of specific neutralizing antibodies or receptor antagonists in in vivo animal models of allergic asthma have independently reported a role for both IL-1β (17, (24) (25) (26) and IL-5 (10-12) in mediating the observed pulmonary inflammatory responses and altered airway constrictor responsiveness following antigen challenge in the allergen-sensitized state. A priori, these earlier findings seem to be in conflict, because they implicate a role for IL-5 and IL-1β in mediating the proasthmatic phenotype of altered airway responsiveness. Our present observations, however, appear to reconcile this disparity, because they provide evidence in support of mutually inclusive roles for IL-5 Relative to ASM exposed to SFM alone (control), the heightened constrictor responses to ACh in the IL-5-treated tissues were prevented by cotreatment of tissues with IL-1ra. Data represent mean ± SE values from 6 paired experiments.
and IL-1β in mediating the perturbations in ASM responsiveness in the atopic sensitized state (see below).
In addressing the potential mechanism by which IL-5 and IL-1β interact in mediating the observed changes in ASM responsiveness in the atopic sensitized state, our observations in cultured human ASM cells demonstrated that their mRNA expression of both IL-5 and IL-1β, as well as the release of these cytokine proteins, is upregulated in the atopic sensitized state. Moreover, based on the additional findings demonstrating that the upregulated mRNA expression and release of IL-5 preceded (i.e., by ∼3 hours) the enhanced mRNA expression and release of IL-1β (Figures 3 and 4) , the consideration was raised that the initial stimulated release of IL-5 provoked the subsequent elaboration and action of IL-1β. Indeed, in support of this concept, our extended observations demonstrated that (a) the enhanced release of IL-1β protein by atopic asthmatic sensitized ASM cells was inhibited when the cells were pretreated with IL-5ra ( Figure 5) ; (b) exogenous administration of IL-5 induced an upregulation of IL-1β mRNA and protein expression in cultured human ASM cells (Figure 6a ) and ASM tissue (Figure 6b) , as well as an increased elaboration of IL-1β protein into the ASM culture medium ( Figure 7) ; and (c) the proasthmatic-like perturbations in agonist constrictor and relaxant responsiveness obtained after the administration of exogenous IL-5 to naive ASM were prevented in tissues pretreated with IL1ra (Figures 8 and 9 , respectively). Taken together, these findings support the notion that our observed effects of IL-5 were largely attributed to its induced autocrine release of IL-1β and the resultant action of the latter cytokine. This concept is, in part, consistent with our previous findings based on studies using the same experimental model described herein. In these studies, we found that the effects on ASM responsiveness of passive sensitization of rabbit ASM with atopic asthmatic serum were attributed to the presence of serum IgE and its coupled activation of the low-affinity IgE receptor Fc⑀RII (20) . Furthermore, under these conditions, the changes in ASM responsiveness in the atopic sensitized state were found to be mediated by the induced autocrine release and action of IL-1β (17) . Additionally, we also identified that the effect of IL-1β on ASM responsiveness was largely due to its induced upregulated expression and action of G i protein, specifically G i α 2 and G i α 3 (26) , which inhibit intracellular cAMP accumulation (19) . Thus, given these earlier findings, when examined in light of the present extended observations, the collection of evidence implicates the presence of an IgE/Fc⑀RII-initiated cooperative network of sequential autocrine signaling that involves the release of IL-5 that, in turn, induces the release of IL-1β by the ASM itself, a process that ultimately results in G i -mediated perturbations in ASM agonist responsiveness in the atopic asthmatic sensitized state.
To the extent that the present findings pertain to in vitro experimental conditions, the potential role of the above-implicated ASM autocrine cytokine interaction in inducing comparable autologous changes in ASM responsiveness in vivo remains to be identified. Our results, however, may have an important bearing on the possible mechanistic events that relate to the in vivo state. In this connection, it is relevant to note that in a recent study using an in vivo murine model of antigenmediated chronic asthma (37) , treatment with an anti-IL-5 mAb (TRFK-5) several days after antigen challenge was found to reverse the existing antigen-induced airway eosinophilia, whereas the antigen-induced airway hyperresponsiveness to methacholine was unaffected by the subsequent administration of TRFK-5. Thus, these data provided evidence that, once established following antigen challenge, the enhanced airway constrictor hyperresponsiveness becomes insensitive to subsequent blockade of IL-5, despite the reversal of airway eosinophilia (37) . These in vivo findings, when examined in light of our present observations, provoke the consideration of a potential mechanism by which the manifestation of an IL-5-independent state of altered airway hyperresponsiveness may occur subsequent to initial antigen challenge. Accordingly, our results demonstrate that (a) altered ASM responsiveness in the atopic asthmatic sensitized state is attributable to the activation of an autocrine mechanism that is intrinsic to the sensitized ASM itself; and (b) this mechanism is characterized by an early induction of IL-5 release that promotes the subsequent release of the pleiotropic proinflammatory cytokine IL-1β, which then elicits the observed changes in ASM responsiveness. Taken together, these observations support the notion that, following the initial release of IL-5 by the sensitized ASM, the tissue's subse-
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Figure 9
Comparison of relaxation dose-response relationships to isoproterenol in paired rabbit ASM segments half-maximally contracted with their respective ED 50 doses of ACh after treatment with SFM alone (open circles) or with IL-5 in the absence (filled circles) or presence (open squares) of IL-1ra. Relative to ASM exposed to SFM alone (control), the attenuated relaxation responses to isoproterenol in the IL-5-treated tissues were prevented by cotreatment of tissues with IL1ra. Data represent mean ± SE values from 6 paired experiments.
quent manifestation of the proasthmatic phenotype represents a phenomenon that is dependent on the secondary induced release and autocrine action of IL-1β and, at this point in the sequence of events, is largely independent of the primary initiating action of IL-5. The presence and contribution of this potential mechanism in the in vivo state, however, remains to be established.
In conclusion, the results of the present study provide new evidence demonstrating that both the Th2 cytokine IL-5 and the pleiotropic proinflammatory cytokine IL-1β are endogenously released by atopic asthmatic serum-sensitized ASM, and that these cytokines act cooperatively in mediating the changes in ASM responsiveness in the sensitized state. Furthermore, the results demonstrate that the nature of the latter cytokine interaction is given by the sequential autocrine release of IL-5 and IL-1β by the sensitized ASM, wherein the initial endogenous elaboration of IL-5 induces the subsequent elaboration and autocrine action of IL-1β. Thus, apart from the conventional concepts related to the roles of various inflammatory cells in the pathogenesis of asthma, the present findings identify a potentially important mechanism by which the resident ASM itself may autologously regulate its own state of altered responsiveness in the atopic asthmatic condition.
